We report on the preparation of polycarbonate-based graphene (PC/G) composites, by using a simple and scalable solution blending method to disperse single-(SLG) and few-layer (FLG) graphene flakes, prepared by liquid phase exfoliation (LPE), in the polymer matrix. A solvent-exchange process is carried out to re-disperse the exfoliated SLG/FLG flakes in an environmentally friendly solvent, i.e. 1,3-dioxolane, which is also used to dissolve the polycarbonate pellets, thus facilitating the mixing of the polymer dispersion with the SLG/FLG flakes. The loading of SLG/FLG flakes improves the mechanical and thermal properties, as well as the electrical conductivity of the polymer, reaching a +26 % improvement of the elastic modulus at 1 wt% loading, and an electrical conductivity 10−3 S m −1 at 10 wt% with a percolation threshold achieved at 0.55 vol%. The as-prepared PC/G composite with the aforementioned reinforced properties can be a promising material for 3D printing-based applications.
Introduction
One of the main and most promising applications involving graphene -the two dimensional allotrope of carbon-is as filler in polymer nanocomposites. [1] [2] [3] [4] [5] [6] In fact, the unique physical properties of graphene, [7] [8] [9] i.e. mechanical (Young' ), 13 make it appealing for the composite materials production. 4, 14 In fact, graphene-based polymer composites have already shown enhanced mechanical, 15, 16 thermal, 17 and electrical 18 properties with respect to pristine polymer matrices.
However, large quantities of graphene are needed for its exploitation in the composite field, 1, 4 especially in view of industrial scalability. Although several techniques are available for the production of high-quality graphene monolayers on a substrate, 19 such as micromechanical cleavage, 9 chemical vapour deposition (CVD), 20 and growth on SiC substrate, 21 those approaches are clearly not suitable for composite applications. Nowadays, large-scale production of single-(SLG) and few-(FLG) layers graphene flakes by liquid phase exfoliation (LPE) of pristine graphite [22] [23] [24] is amongst the preferred production routes for the use of graphene as filler in nanocomposites. 19, 24 In fact, the method allows to obtain SLG and FLG flakes dispersed in a solvent or in powder form and it is also offering the possibility of scaling up. 4, 19, 24 In a LPE process, graphene flakes are produced by exfoliation of natural graphite, 4, 22 or graphite oxide, 19 or graphite intercalated compounds (GICs), 19, 25 in a solvent medium by an external driving force, such as ultra-sonication. 19, 26 The choice of the solvent for the exfoliation process is crucial. 22, 24, 27 Suitable solvents have to minimize the interfacial tension between the liquid itself and the graphene flakes, i.e. solvents with surface tension of ~40 mN/m 4, 19, 22, 26, 28 such as N-methyl-2-pyrrolidone (NMP), 22, 29 N,N-dimethylformamide (DMF), 22, 30 and ortho-dichlorobenzene (DCB). 22, 31 However, these solvents are toxic 32 and have high boiling point, i.e. more than 150 °C. 33 An alternative route to the solvent exfoliation 24 relies on the use of either surfactants 34, 35 or polymers 36, 37 which aid the exfoliation of graphite in water 26 or low boiling-point solvents, such as ethanol, 38 tetrahydrofuran (THF), 39 and chloroform, 39 stabilizing the exfoliated flakes against reaggregation. 4, 26, [34] [35] [36] [37] However, the residual of either surfactants or polymer increases the inter-flake contact resistance. 4 After the ultra-sonication process, an ultra-centrifugation step is required to remove thick flakes and un-exfoliated bulk graphite 29, 40, 41 from the as-prepared dispersion. The most common procedure is the sedimentation-based separation (SBS), 29, [41] [42] [43] [44] which separates flakes on the basis of their sedimentation rate, i.e. the tendency of a particle (or a flake) to settle out in the solvent, in response to centrifugal force acting on them. 45 The possibility to use a purified dispersion, i.e. either graphene flakes of well-defined morphology, such as lateral size and thickness, or without the presence of thicker and/or un-exfoliated graphitic flakes is beneficial for its use in various polymer matrices. 4, 22, 24 Summarizing, the growing demand of the polymer-based graphene composites needs an efficient and scalable production route, requirements which are satisfied by using the LPE approach. However, the as-produced dispersion by LPE has to be purified to obtain a high percentage of SLG. This requires an ultra-centrifugal step. Considering these facts and the upscalability difficulties of ultra-centrifugation, dispersions containing pristine SLG flakes have limited availability on the commercial market, opening the avenues for novel developments in the scalable production techniques of graphene.
Another key requirement, apart from the graphene flakes morphology, to improve the properties of the final composite material with respect pristine polymer, relies on the optimal dispersion of the graphene flakes in the polymer matrices. The molecular interactions between the graphene flakes and polymer chains are due to weak van der Waals forces, 28 π-π stacking, 6, 28 and hydrophobichydrophobic interactions. 28 These interactions hinder efficient connections between the pristine graphene flakes and the polymer chains, so graphene flakes usually do not form homogeneous composites. 1, 2, 14 In contrast, the epoxide, hydroxyl, carbonyl, and carboxyl groups present on the basal plane of graphene oxide (GO) 46, 47 and also partially in reduced graphene oxide (RGO) 48, 49 can interact with the polymer chains. Therefore, their use as a filler in the polymer-based composites is widely reported in literature. 1, 3, 4, 14 Nevertheless, the presence of these groups acts as defects, in addition to the structural defects due to the oxidation process in the structure of the flakes. 48, 50 The presence of such defects reduces the mechanical and electrical properties of GO and RGO flakes respect to graphene flakes, 48, 50 e.g. GO is an insulator and has a Young's Modulus ranging between 200 and 600 GPa. 1, 50, 51 Besides, the dispersion of the flakes inside the polymer matrix is strongly dependent on the processing techniques used for the production of composite itself. Some of the most common processes for polymer composite preparation are melt blending, 52,53 solution blending, 54, 55 and in situ polymerization. 56 Melt blending is industrially attractive due to its scalability and low-cost, while solution blending provides better mixing than melt blending between the exfoliated graphitic flakes and polymer matrix. [57] [58] [59] Polycarbonate (PC) is a thermoplastic polymer with high mechanical stiffness (2.0-2.4 GPa) 60 and optical transparency (over 80% in visible spectrum, with a refractive index of 1.59), 60 and can be used in a wide range of applications: ranging from automotive and aeronautic industries, 60 to data storage (DVDs and CDs), 61 replacing glass, 61 and photonics. 62, 63 Polycarbonate could also be used as 3D printer filament, 64 with higher mechanical and thermal properties with respect to polylactic acid (PLA) 65 and acrylonitrile-butadiene-styrene (ABS), 66 which are the reference materials used in these applications. 64 For instance, the heat deflection temperature, i.e. the temperature at which a polymer deforms under a specified load, for PC is in the 135-145 °C range, 61 whereas for PLA is ~60 °C, 65 while for ABS is ~100 °C. 67 This makes PC suitable for high-temperature required applications.
Moreover, the exploitation of ABS or PLA filaments for 3D printing technology has also environmentally implications, 68, 69 as ultrafine, <100 nm, particle emissions from melt during a 3D printing process is reported. 69 3D printable graphene-based composites have been firstly reported in the case of PLA 70 and ABS. 70 In order to exploit the aforementioned properties of PC-based graphene composites for their use in 3D printing, further studies are needed. Currently, to the best of our knowledge, there is not reported any PC/graphene (PC/G) composite where LPE of natural graphite has been exploited, whereas primarily graphene derivatives such as GO or RGO have been previously used. 53, [71] [72] [73] [74] In particular, for what concerns the solution blending approach, the solvents used for the dissolution of PC are chloroform 72 and THF, 71 both suspected of being carcinogenic substances. 75, 76 In this work, we developed a simple solution blending process, to produce PC/G composite pellets using a 1,3-dioxolane-based dispersion, having a twofold function, acting as a dispersant for the graphene flakes and able to dissolve the PC for the realization of the final polymer composite.
Structural characterization is carried out on both graphene flakes dispersion and PC/G composite samples using atomic force, transmission and scanning electron microscopies, and Raman 
Composite preparation
The PC/G composite is produced by exploiting the solution blending technique. 
Results and discussion
Characterization of graphene dispersion in 1,3-dioxolane
In order to achieve a homogeneous dispersion of exfoliated graphene flakes into PC matrix, we exploited solution-blending technique for the production of PC/G composite. 57, 58 In a common solution-blending process, both matrix and filler have to be dissolved in the same solvent and then mixed. For the production of graphene-based composites exploiting this technique, PC is usually dissolved in THF 72 or chloroform, 71 i.e., solvents having as a downside the toxicity. 75, 76 Therefore, we selected 1,3-dioxolane as solvent for PC, because its low-toxicity, i.e. it is not a carcinogenic reagent if compared with NMP (see safety data sheet, SDS). 80 To the best of our knowledge this is the first time that both PC and graphene flakes are dispersed in 1,3-dioxolane for their solution blending. In order to re-disperse the graphitic flakes, previously exfoliated in NMP, into 1,3-dioxolane, we performed a solvent-exchange process via rotary evaporation, see Experimental section. Graphene dispersion in 1,3-dioxolane is morphologically characterized by TEM and AFM (Fig. 2) and Raman spectroscopy (Fig. S1 ). TEM image of graphene flakes in 1,3-dioxolane is depicted in Fig. 2a . The electron diffraction pattern (DP) image (inset to Fig. 2a) confirms the typical lattice reflections present from a graphene flake, the expected honeycomb lattice, and crystallinity. 83 The statistical analysis of lateral sizes (Fig. 2b) 
Morphological characterization of composite
Blend compatibility (i.e. expecting macroscopically uniform physical properties), filler dispersion, and the interfacial bond between the polymer matrix and the SLG-FLG flakes are investigated by means of SEM measurements on both the pristine PC and PC/G composite.
Scanning electron microscopy images of the cross section of pristine PC are shown in Fig. 3 , at low (Fig. 3a) and high ( Fig. 3b ) magnifications, and PC/G composite of 3 wt%, at low (Fig. 3c) and high ( Fig. 3d) magnifications, respectively. Graphene flakes (the brighter, angular shaped objects, marked by red arrows) can be clearly seen as uniformly dispersed in the polymer matrix, which is also confirmed by Raman characterization of the PC/G composite. 
Composite enhanced performances
The thermal behaviour of a composite material in view of applications, such as for example 3D printing, has to be known. 70 Therefore, considering the application of the PC/G composite material for 3D printing using Fused Deposition Modelling (FDM) technology, these thermal behaviours are investigated. The FDM is an additive manufacturing technology commonly used for modelling, prototyping, and production of polymer-based objects, and it is one of the most common used techniques for 3D printing. 89, 90 Using the FDM process, the thermoplastic polymer filament is heated above its glass transition temperature (Tg) and extruded through the nozzle of the 3D printer, then the printed material is cooled down to room temperature forming the product. The TGA and differential TGA (DTGA) analyses on PC (black curve) and PC/G at 1 wt% (red curve) are depicted in Fig. 5a and Fig.   5b , respectively. The first loss of weight in the case of both pristine PC and composite material occurs in the 100-150 °C range, corresponding to ~5 wt% loss. This decrease is attributed to the evaporation of residual solvents and/or small organic groups. 91 The pyrolysis, corresponding to the main loss of weight, starts for pristine PC at ~370 °C and is due to the cleavage of the carbonate groups, 91 whereas it is reduced in the composite because DTGA analysis of pristine PC (black curve) and PC/G 1 wt% (red curve).
Stress vs. strain curves of pristine PC (black curve) and PC/G composite at 1 wt% (red curve) graphene loadings are shown in Fig. 6a . The Young's Modulus (E) (Fig. 6b) , defined as the slope of the stress vs. strain curve in the elastic region, reaches a maximum value for the 1 wt% content of SLG/FLG flakes of 1455±28 MPa. The increment with respect to pristine PC, having a measured E value of 1151±44 MPa, is ~26%. Increasing the content of filler above 1 wt%, the E value decreases, reaching a minimum value of ~1353 MPa at 1.5 wt%, which, however, still corresponds to ~17% improvement with respect to pristine PC (1151±44 MPa).
The decreases of E with a loading of SLG and FLG flakes superior to 1 wt%, could be associated to the occurrence of agglomeration of the flakes, 55, 92, 93 although further studies to ascertain this phenomenon are needed. The presence of SLG and FLG flakes also improve the tensile strength at yield (σy, defined as the stress at which a material begins to deform plastically, Fig. 6c ) and ultimate tensile strength (σu, defined as the higher stress value reached in the stress vs. strain curve, Fig. 6d ) of the polymer. Contrariwise to the results obtained for E, where exceeding the 1 wt% of loading there is a sudden decrease, σy and σu remain almost constant, as a 'saturation/like' behaviour. This opposite behaviour is rooted in the linear elastic behaviour of plastics, as the E corresponds to the stiffness, rigidity of a sample, while the σY, and σU is the capacity of the material (to withstand loads tending to elongate), and the stress at which plastic deformation begins, respectively. The full mechanical characterization data are summarized in Table S1 (see Appendix) . †
The increments in the mechanical properties that we obtained are higher with respect to other works involving the use of PC. For example, Kim et al. 53 reported a ~6.7% and ~20.7% increments of E at 1 wt% and 2.5 wt% of functionalized graphene sheets (thermally exfoliated graphite oxide) loading, respectively, while Shen et al., 94 reported a 6.8% increment of E at 10 wt% of RGO loading. The same group 95 also reported a 72.1% increment of E using epoxy-functionalized GO, in which GO flakes were dispersed in DMF and PC dissolved in THF. However, both solvents have toxicity issues, as discussed above. Mittal et al. 96 reported enhancement of ~23% in E but with 7 wt% of RGO flakes loading.
We anticipate that the mechanical properties of our composite material could be additionally enhanced by optimizing the aspect ratio of the graphene flakes (lateral size vs. thickness), as reported in the case of PVA, 93 where the reported aspect ratio of flakes is ~1900 and the enhancement of E with respect pristine PVA is ~66% at 0.36 vol% (~0.65 wt%) of loading (as comparison, the aspect ratio of the graphene flakes used in this work is ~280). Considering the work of Coleman and co-workers, 93 it seems that the resulting mechanical enhancement of the polymer-based graphene composites, is rooted on the differences in the structural and morphological properties of the graphene flakes. However, further systematic studies are needed to verify this hypothesis.
Finally, static electrical conductivity measurements (DC regime) on composite as function of SLG/FLG content in the composite material (PC/G), are presented in Fig. 7 . The PC/G composites with SLG and FLG concentrations up to 10 wt% are prepared for this characterization. The percolation threshold corresponds to the critical volume of nanoparticles, in this case SLG and FLG flakes, such that they are able to generate a conductive path for charge carriers. 98 When the content of filler exceeds φc, there is a suddenly increase in DC electrical conductivity of the PC/G composite. According to the percolation theory, electrical conductivity of composite is related to volume fraction φ of filler by Eq. 1:
for φ>φc, where σDC is the DC electrical conductivity, σ0 is referred as the conductivity of fillers, φc is the percolation volume fraction, and t is the critical exponent, which depends on the percolation model. 98, 99 From . Figure S1 shows the Raman spectroscopy results obtained investigating graphene dispersion in 1,3-dioxolane, where a representative Raman spectrum is depicted in Fig. S1a . The Raman fingerprints of graphene are the G (~1580cm −1 ) and 2D (~2700cm −1 ) peaks. [1] [2] [3] [4] If graphene flakes have defects, a D peak (~1350cm −1 ) also appears. [1] [2] [3] [4] The G peak corresponds to the E2g phonon at the Brillouin zone center. 2 The D peak is due to the breathing modes of sp 2 rings and requires defects for its activation, the 2D peak is the second order of the D peak and is always visible, even without the presence of defects. 5, 6 Statistical analysis shows 2D peak position (Pos(2D)) ( The FWHM (2D) is in average ~70 cm −1 , while the I2D/IG ratio is higher than 0.5, which represents the reference value of graphite. 1 These results suggest that the dispersion is composed by a combination of both single-(SLG) and few-layer graphene (FLG) flakes, 3, 7 in agreement with the atomic force microscopy (AFM) data reported (see Fig. 2d in main text).
Raman spectroscopy allows also to provide indication about the nature of defects in the graphene flakes. 1, 2, 7 In fact, by combining the ID/IG ratio with FWHM(G) allows us to discriminate between disorder localized at the edges and disorder in the bulk. In the latter case, a higher I(D)/I(G) would correspond to higher FWHM(G). The I(D)/I(G) ratio is in the range 0.6 -1.6 (Fig S1e) , but the lack of correlation between I(D)/I(G) and FWHM(G) (Fig.   S1f ) proves that the major contribution to the D peak comes from the sample edges (see Fig.   2b in main text) rather than to the presence of structural defects. 5, 7 Moreover, in the highdefect concentration regime FWHM(G) and FWHM(D′) become broader and eventually merge into a single band. 5, 7 Figure S1 The mechanical characterization data of polycarbonate/graphene composites
The full mechanical characterization data are summarized in Table S1 . The increments in mechanical properties are stated as ΔE, ΔσY, and Δσu. 
